However, all of these methods suffer from drawbacks in terms of low trapping efficiency of drug. During the encapsulation process, proteins are exposed to mechanical stress and to organic solvents such as chloroform or isopropyl ether, which can lead to denaturation of sensitive proteins. To avoid the use of unacceptable solvents and sonication for drugs during the formation of liposomes (passive entrapment), several methods have been studied, including remote loading methods which load drug molecules into preformed liposomes using pH gradients and potential differences across liposomal membranes. Weak bases like doxorubicin 2, 3) and vincristine 4) have been successfully loaded into preformed liposomes via the pH gradient method. Chakrabarti et al. 5) reported that short modified peptides can be efficiently accumulated in large unilamellar vesicle (LUV) via pH gradients (inside acidic). The electrostatic interaction can also be used to carry molecules such as DNA. 6) High molecular weight may be a drawback for remote loading of peptides into liposomes. Insulin and bovine serum albumin (BSA) were selected as peptide drug models because they have different molecular weights and have been studied in terms of interaction with liposomes. Many studies on insulin encapsulated in liposomes have been carried out to examine the potency of orally administered liposomes 7, 8) and the aggregation of liposomes in their preparation. The interaction of serum albumin with liposomes has been studied due to the possibility of destabilization of liposomes in the blood stream. 9) Liposomal serum albumin has been studied for the immunoadjuvant effect. 10, 11) In most of these reports, the preparation method for the liposomal formulation has been based on passive entrapment. To our knowledge, the remote loading of large peptide molecules into liposomes has never been investigated.
Recently, we reported that diclofenac sodium could be loaded into neutral reverse-phase evaporation vesicles (REV), but that insulin could not be loaded into them, however fluorescein isothiocyanate labeled insulin can be loaded by the pH-gradient method. 12) In this study, remote loading of peptides into liposomes by incubation under various conditions, including the pH-gradient and the non-pH-gradient methods was investigated, using neutral and positively-charged liposomes.
formed in 1/10 PBS (pH 7.4) were incubated with insulin or BSA in 1/10 PBS at 25°C for 1 h (non-pH-gradient method). Liposomes preformed in CBS (inside pH 4.0) were washed with HEPES buffer saline (HBS, 20 mmol/l HEPES and 150 mmol/l sodium chloride, pH 7.5), or CBS (pH 2.5 or pH 5.5) by ultracentrifugation (100000ϫg, 4°C, 1 h) to create a pH gradient across the liposomal membrane, and then were incubated with insulin or BSA in an external aqueous phase solution at 25°C for 1 h (pH-gradient method).
Determination of DPPC, Insulin and BSA Concentrations and Insulin Activity Liposomes loaded with drug by the c-REV, pH-gradient or nonpH-gradient methods, were separated from free drug by ultracentrifugation (100000ϫg, 1 h) at 4°C. The process was repeated three times by making a suspension of the precipitate in each buffer solution. In the case of positively-charged liposomes, liposomal insulin was also washed with 0.1 mol/l hydrochloric acid, HBS, or 1/10 PBS in order to remove insulin bound to the surface of the liposomal membrane. The concentration of DPPC in liposome suspension was determined by enzymatic assays (Phospholipid B Test Wako, Wako Pure Chemical Industries, Ltd., Osaka, Japan). 14) Insulin concentration was determined by HPLC, as previously reported.
15) The HPLC system consisted of a Shimadzu LC-10AS liquid chromatograph, SPD-10AV UV-VIS detector, SCL-10A system controller, SIL-10A autoinjector and C-R6A chromatopac. The concentration of BSA was determined by measurement of protein using bicinchoninic acid (BCA Protein Assay Reagent, Pierce, IL, U.S.A.).
16) The insulin activity was measured by enzymatic immunoassay (IMx Insulin, Dainabot Co., Ltd., Tokyo, Japan). The insulin activity adsorbed on liposomes was determined by measuring the insulin activity of liposome-loaded insulin (insulin 0.02 mmol/l) in 1 ml of PBS containing 0.001% methyl cellulose without further treatment. Total recovered liposomal insulin activity was measured after disruption of the liposomes by adding 10% Triton X-100.
Calculation of Trapping Efficiency From the amount of DPPC and drug determined before and after separation of liposomal drug from free drug, the trapping efficiencies were calculated according to the following equation: (1) where M drug b and M drug a are the amount of drug in the liposome suspension, and M total lipid b and M total lipid a are the amount of total lipid in liposome suspension calculated from the amount of DPPC determined before and after separation from free drug, respectively.
Determination of z z-Potential and Size Distribution of Liposomes The size distribution and z-potential of liposomes were determined using a light scattering instrument (Model ELS-800, Otsuka Electronics Co., Ltd., Japan) by a dynamic laser light scattering method and a electrophoretic light scattering method, respectively. The z-potentials of positively-charged empty liposomes, produced by the c-REV and pH-gradient methods, and neutral empty liposomes prepared by the c-REV method, were 27.0Ϯ2.6, 27.3Ϯ1.2 and Ϫ2.8Ϯ0.9 mV in 1/20 PBS (pH 7.4) at 25°C, respectively. The z-potentials of positively-charged liposomes loaded with insulin by the c-REV and pH-gradient methods were 8.3Ϯ3.1 and Ϫ5.0Ϯ1.2 mV, respectively.
Release of Insulin from Liposomes The released amount of insulin from positively-charged liposomes prepared by the c-REV and pH-gradient methods, were measured in pH 7.4 PBS. The liposomal suspension was added to PBS solution containing 0.001% methyl cellulose and incubated at 37°C. The final total lipid and insulin concentrations were adjusted to 15-20 mmol/l and 20-30 mmol/l, respectively. An aliquot of sample was taken at appropriate intervals for 6 h. Each sample was centrifuged for 10 min at 5000 rpm and the insulin concentration in the supernatant was measured with the HPLC system. The total liposomal insulin concentration was determined after disruption of the liposomes, achieved by adding 10% Triton X-100.
Statistical Analysis The statistical significance of the results was evaluated by Student's t-test. A p value less than 0.01 was considered significant.
Results

Loading of Insulin into Liposomes
In the case of the non-pH-gradient method, neutral liposomes precipitated with insulin in 1/10 PBS. The insulin recoveries associated with liposomes after ultracentrifugation (4°C, 100000ϫg, 1 h) were 73.3Ϯ4.9, 67.6Ϯ12.4, 36.4Ϯ1.4 and 5.7Ϯ1.2% at incubation temperatures of 4, 25, 37, and 60°C, respectively. These values inversely correspond to the solubility of insulin in 1/10 PBS at each temperature (2.0Ϯ0.0, 3.0Ϯ0.0, 42.0Ϯ1.0, and 140.0Ϯ1.0 nmol/l at 4, 25, 37, and 60°C, respectively). The lower solubility of insulin in 1/10 PBS at the lower temperature resulted in higher recovery of insulin associated with liposomes. After washing the pellets with 0.1 mol/l hydrochloric acid (acid), the insulin associated with liposomes was not detected by HPLC, although the size of liposomes was not changed significantly before and after incubation (345.9Ϯ74.8 and 473.2Ϯ114.3 nm, respectively).
In the case of positively-charged liposomes prepared by the pH-gradient method, the percentage of insulin associated with the positively-charged liposomes was different according to the external pH ( Fig. 1) , even though the size of the liposomes was not changed before and after incubation (256.9Ϯ77.5 and 258.8Ϯ81.0 nm, respectively).
The ratio of associated millimoles of insulin to moles of lipid, and the size distribution of positively-charged liposomes vs. initial concentration of insulin, by the various methods after washing, are shown in Fig. 2 (A) and (B). After washing with 1/10 PBS and acid, the ratios of associated insulin (mmol) to lipid (mol), prepared by the c-REV method, into positively-charged liposomes were 1.67-11.35 and 0.49-3.89, respectively (Fig. 2(A) ), and those by the non- pH-gradient method were 0.92-16.55 and 0.15-1.20, respectively. After washing with acid in these two methods, the size of liposomes decreased (Fig. 2(B) ). After washing with HBS and acid, ratios by the pH-gradient method were 0.98-6.95 and 1.00-5.54, respectively ( Fig. 2(A) ). These values and the size of the liposomes were not changed before and after washing with HBS and acid ( Fig. 2(B) ). The insulin activity adsorbed to positively-charged liposomes prepared by the c-REV and pH-gradient methods, after washing with acid, were 1.9Ϯ0.2, and 17.6Ϯ1.7% of the total amount of liposomal insulin, respectively. The pH-gradient methods showed the highest loading of insulin into positively-charged liposomes after washing with acid, depending on the concentration of insulin. We used liposomes loaded with insulin prepared by various methods after washing with acid, in further experiments.
Release of Insulin from Liposomes The release profiles of insulin from positively-charged liposomes prepared by the c-REV and pH-gradient methods, are shown in Fig. 3 . Released amounts of insulin from c-REV and pH-gradient liposomes were 3.0Ϯ0.3 and 31.9Ϯ15.7% at 6 h, respectively.
Loading of BSA into Liposomes In the case of neutral and positively-charged liposomes, amounts of BSA associated with liposomes (mmol BSA per mol of lipid) were not significantly different between the c-REV method (0.214, 0.233, respectively), the non-pH-gradient method (0.186, 0.340) and the pH-gradient method (0.195, 0.310) for a low concentration (7.6 mmol/l) of BSA (Table 1) . BSA showed significantly higher affinity to positively-charged liposomes than neutral ones at the higher concentration (37.9 mmol/l) of BSA, except for liposomes prepared by the c-REV methods.
The size of neutral and positively-charged liposomes was not changed after incubation (Table 2) . Table 3 shows the molar ratio of insulin and BSA associated with liposomes to total lipid and trapping efficiency into liposomes.
Discussion
Loading of Insulin into Liposomes Remote loading of peptides by incubation has various advantages, such as improved drug loading and prevention of drug inactivation during the preparation. The curvature and composition of liposomes influence insulin binding, 17) thus we selected REV liposomes, large unilamellar vesicles, instead of small unil- The concentrations of total lipid were approximately 30, 15 and 15 mmol/l by the c-REV, the non-pH-gradient and the pH-gradient methods, respectively. The concentrations of BSA were approximately 7.6 mmol/l (L) and 37.9 mmol/l (H), respectively. Each value represents the meanϮS.D. (nϭ3Ϫ6). The liposomes size was 365.6Ϯ142.2 and 278.2Ϯ77.4 nm for neutral and positively-charged liposomes before incubation, respectively. amellar vesicles (SUV), to observe not adsorption but loading of insulin. Insulin precipitated in neutral pH solution by polymerization, and could not be loaded into neutral liposomes. From these results, the amount of insulin associated with liposome after washing with acid was considered to be the amount of trapped insulin, because the solubility of insulin is much higher under acidic conditions than at neutral pH.
For enhanced remote loading of insulin, we selected the pH-gradient method since insulin is an amphoteric molecule and its charge is changed according to the pH of the solution. The pH-gradient method (inside pH 4.0, outside pH 7.5) was effective for remote loading of basic molecules such as doxorubicin, 2, 3) and the calcium acetate gradient (inside basic) method was effective for remote loading of acidic molecules such as diclofenac sodium into liposomes. 12) Insulin was entrapped into neutral liposomes at 0.27-0.60 of the ratio of entrapped mmol insulin to mol lipid (5-15% as trapping efficiency), obtained by the c-REV method, 12) but it was not loaded into liposomes by the nonpH-and pH-gradient methods (Table 3) . At neutral pH, insulin may be negatively charged since its isoelectric point is about pH 5.5. Due to electrostatic forces, it is expected that negatively-charged drug molecules can be bound to positively-charged liposomes more efficiently than neutral or negatively-charged liposomes.
On the basis of these considerations, the non-pH gradient method was applied to load insulin into positively-charged liposomes. 8.3-148.9 mg insulin to mmol DPPC (equivalent to 0.92-16.55 mmol insulin/mol total lipid) was associated with positively-charged liposomes containing 11% molar fraction of SA at 25°C before washing with acid, although most molecules adsorbed on the liposomes were removed after washing (Fig. 2(A) , non-pH gradient method). These values correspond to the following reports. 17, 18) Wiessner and Hwang 17) reported that insulin was tightly adsorbed on small unilamellar liposomes containing a 5% molar fraction of SA (64.7 mg insulin per mmol DPPC, equivalent to approximately 10.3 mmol insulin/mol total lipid at 21°C). Kato et al. 18) reported that insulin can be easily adsorbed onto positively-charged liposomes after incubation.
In the pH-gradient method using positively-charged liposomes, the insulin loading was different according to the external pH (Fig. 1) . Only trace amounts of insulin were associated with positively-charged liposomes at an external pH of 2.5. Under these conditions, both insulin and the liposomes may be positively charged, resulting in electrostatic repulsion, and no drug loading and little binding of insulin to the liposomal surface (Fig. 1) . At an external pH of 7.5, the highest loading of insulin after washing with acid was observed. At pH 7.5 liposomes containing SA are positively charged (z-potential, 27.3Ϯ1.2 mV at pH 7.4), and the acidic groups of insulin may be negatively charged. Therefore, the negatively-charged acidic groups of insulin may interact with the positively-charged SA in liposomes by electrostatic attraction.
From these results and the paper reported by Wiessner and Hwang, 17) it is suggested that electrostatic interactions aid the loading of insulin into liposomes, because electrostatic forces are generally stronger than hydrophobic forces. The size of positively-charged liposomes increased at high concentrations of insulin (Fig. 2(B) ), which showed a stronger interaction of insulin with liposomal membranes, compared with neutral liposomes. The difference between the non-pHgradient and pH-gradient method in loading of insulin into positively-charged liposomes may support the idea that insulin was loaded into liposomes in response to a transmembrane pH gradient by the pH-gradient method, in a form which can not be removed by washing with acid, although we cannot explain the accurate mechanism in detail.
Comparison of Liposomal Insulins Prepared by the c-REV and pH-Gradient Methods The release profile was studied to compare the distribution of insulin in c-REV liposomes and pH-gradient liposomes. Only positively-charged liposomes were selected, because of the higher insulin trapping efficiency. Spontaneous dissociation of insulin from the liposomes was not observed. About 32% of the original insulin was released from the pH-gradient liposomes by incubation in PBS (pH 7.4) for 6 h at 37°C (Fig. 3) , whereas only about 3% from the c-REV liposomes.
The change of the z-potential of the positively-charged liposomes supports the higher adsorption of insulin on the surface of pH-gradient liposomes than c-REV liposomes. The z-potentials of positively-charged empty liposomes, obtained by the c-REV and pH-gradient methods were 27.0Ϯ2.6 and 27.3Ϯ1.2 mV at pH 7.4, respectively. The z-potentials of c-REV and pH-gradient liposomes with loaded insulin were 8.3Ϯ3.1 and Ϫ5.0Ϯ1.2 mV at pH 7.4, respectively. In the latter case, the larger shift of the z-potential to negative values represents the higher adsorption of insulin to liposomes since insulin may be charged negatively at neutral pH.
The adsorbed insulin activity of positively-charged liposomes obtained by the c-REV and pH-gradient methods, were 1.9Ϯ0.2, and 17.6Ϯ1.7% of the total amount of liposomal insulin, respectively. These results correspond well to the results of the z-potentials of liposomes.
From the results of the release profiles, z-potential and the adsorbed insulin activity, it can be suggested that insulin distributes more at the surface of the liposomes prepared by the pH-gradient method, than those obtained by the REV method.
Loading of BSA into Liposomes Two concentrations of BSA (7.6 and 37.9 mmol/l) were selected, since Law et al. 19) showed saturation in adsorption to liposomes at a BSA concentration of approximately 24.2 mmol/l at 37°C. However, 0.186 and 0.207 mmol BSA/mol lipid ( Table 1 , non-pH gradient method) was associated with neutral liposomes at 7.6 and 37.9 mmol/l BSA concentrations after 1 h incubation at 25°C. From the result that the amount of BSA loaded into liposomes was not significantly increased (Table 1) , it is suggested that the binding sites on the liposomes may be limited and a constant amount of BSA may bind with liposomes. From these results, binding appears to be saturated at a low concentration of BSA. The size of liposomes did not increase after incubation (Table 2) , different from the case of insulin.
BSA showed significantly higher association affinity for positively-charged liposomes than neutral ones (Table 1) . BSA may interact more with positively-charged liposomes than neutral ones, by electrostatic interaction. Because the isoelectric point of BSA is 4.2-4.8, many parts of BSA may be negatively-charged at experimental neutral pH.
The adsorption of serum albumin to liposomes at 37°C has been reported, [19] [20] [21] in order to investigate the behavior of liposomes in plasma. Law et al. 19) suggested that the adsorption of BSA to the phospholipid bilayers of liposomes may be driven by hydrophobic effects, despite the charge characteristics of phosphatidylcholine liposomes incubated with BSA at a high concentration (6.8 mmol/l). 19) BSA molecules might adsorb onto the liposome surface by the charge effect for charged surfaces, and by van der Waals forces, iondipole forces and hydrogen bonds, for neutral surfaces, as in the case of insulin. The pH-gradient method did not increase the ratio of BSA associated with lipid in neutral and positively-charged liposomes (Table 3) . It seems that the electrostatic interaction increases to entrap BSA, but is weaker than hydrophobic interaction of BSA and liposomes.
It is suggested that the loading of BSA into liposomes may be mainly due to hydrophobic interactions, with only a relatively weak influence from electrostatic interactions.
Comparison of Insulin and BSA Loading into Liposomes Trapping efficiencies of insulin and BSA for positively-charged liposomes were significantly higher than those for neutral liposomes (Table 3 ). In positively-charged liposomes, the pH-gradient method is significantly effective for loading insulin, but not for BSA, compared to the c-REV and non-pH-gradient methods. To explain this difference between BSA and insulin, we suggest that the affinity of insulin for liposomes can be changed by altering pH, 17, 22) whereas the affinity of BSA is not changed because of its high hydrophobicity. 19) With the pH-gradient method, pH-dependency of affinity of BSA molecules for liposomes is required, as the molecules may penetrate the liposomal membrane in a nonionized form with high affinity to lipid, and then may be accumulated in liposomes in an ionized form, with low affinity to lipid. Furthermore, the interaction of liposomes with serum proteins in vitro has been shown to enhance the leakage of solutes or probe molecules from liposomes. 23, 24) Partial penetration of large molecular weight BSA into the liposomal membrane might cause leakage of citric acid molecules from liposomes, resulting in no transmembrane pH gradient.
Electrostatic interactions may be important to attract a drug at the surface of liposome and appropriate hydrophobic interaction may be effective for penetration of high molecular weight drugs into liposomal membranes. In the case of BSA, remote loading by the pH-gradient method may not be effective due to its high hydrophobicity and no change in its affinity for liposomes at different pH.
Conclusions
The present work has demonstrated remote loading of peptide molecules into preformed liposomes by incubation. Insulin could be loaded into positively-charged liposomes with about twofold better efficiency by the pH-gradient method, compared with the conventional REV method. BSA could be loaded equally into neutral and positively-charged liposomes by incubation, regardless of the loading method. Our results suggest that the pH-gradient method, combining electrostatic interaction, may be useful for preparation of liposomal insulin and that the high hydrophobicity of BSA may interfere with remote loading of BSA into liposomes by the pH-gradient method.
